The etiology of an outbreak of gastroenteritis in humans cannot always be determined, and ϳ25% of outbreaks remain unsolved in New Zealand. It is hypothesized that novel viruses may account for a proportion of unsolved cases, and new unbiased highthroughput sequencing methods hold promise for their detection. Analysis of the fecal metagenome can reveal the presence of viruses, bacteria, and parasites which may have evaded routine diagnostic testing. Thirty-one fecal samples from 26 gastroenteritis outbreaks of unknown etiology occurring in New Zealand between 2011 and 2012 were selected for de novo metagenomic analysis. A total data set of 193 million sequence reads of 150 bp in length was produced on an Illumina MiSeq. The metagenomic data set was searched for virus and parasite sequences, with no evidence of novel pathogens found. Eight viruses and one parasite were detected, each already known to be associated with gastroenteritis, including adenovirus, rotavirus, sapovirus, and Dientamoeba fragilis. In addition, we also describe the first detection of human parechovirus 3 (HPeV3) in Australasia. Metagenomics may thus provide a useful audit tool when applied retrospectively to determine where routine diagnostic processes may have failed to detect a pathogen.
O
utbreaks of acute gastroenteritis are associated with significant global morbidity and mortality, particularly in pediatric populations (1) . Bacterial pathogens are well-described causes of gastroenteritis, e.g., Escherichia coli O157:H7, Salmonella, Campylobacter, and Shigella (2, 3), but are known to occur less frequently than viral pathogens as the cause of acute gastroenteritis (4) . Noroviruses, sapoviruses, group A rotaviruses, enteric adenoviruses, and astroviruses have been recognized as the main etiological agents in viral gastroenteritis, although it has been suggested that a number of other viruses may also be involved (5, 6) . Parasites such as Dientamoeba fragilis have also been implicated in gastroenteritis; however, there is still debate surrounding their pathogenicity (2, 7) .
In New Zealand, no causative agent is identified in approximately 25% of reported gastroenteritis outbreaks at the conclusions of public health investigations (8) . A proportion of unsolved cases may be due to the presence of a novel pathogen. Viral pathogens are particularly problematic to discover because well-established methods such as electron microscopy, PCR, or viral culture are not always effective; they may be too specific, lack high-throughput capability, or not be sensitive enough to detect low numbers of organisms within a sample (9) . High-throughput sequencing holds promise for resolving the etiology of unsolved gastroenteritis outbreaks, as large volumes of unbiased metagenomic data are produced, allowing for the sequences from all viruses, bacteria, parasites, and fungi present in the sample to be revealed (10) . Any knowledge gained from identifying previously unknown pathogens causing outbreaks of gastroenteritis will facilitate public health investigations, allowing for possible identification of the source of infection and informing measures for intervention (6) .
Most metagenomic studies of undiagnosed gastroenteritis have focused on identifying the cause of sporadic gastrointestinal disease in individual patients (11, 12) rather than examining outbreaks. To date, there are only three reports of outbreaks that have been investigated using a metagenomic approach (13) (14) (15) . A large proportion of viruses are yet to be discovered (16) , and the number of documented human viruses is incomplete, with at least one new human virus per year expected to be discovered (17) . Accordingly, the aim of the present study was to apply metagenomic analysis to unsolved gastrointestinal outbreaks in New Zealand to reveal points where conventional diagnostic algorithms may have failed to detect known viral pathogens and to seek potentially novel viruses associated with gastroenteritis.
MATERIALS AND METHODS
Sample selection and preparation. Fecal samples from gastroenteritis cases in New Zealand can be tested by diagnostic laboratories for noroviruses, rotaviruses, sapoviruses, astroviruses, or adenovirus types 40 and 41. Bacteria for which samples can be tested include E. coli, Campylobacter spp., Salmonella spp., Vibrio spp., Shigella spp., Listeria monocytogenes, Clostridium perfringens, Staphylococcus aureus, and Bacillus cereus; bacterial enterotoxins may also be sought. Samples may also be tested for the parasites Giardia and Cryptosporidium. Thirty-one fecal samples were randomly selected from a reference laboratory collection of samples from 26 gastroenteritis outbreaks occurring between 2011 and 2012 (8) , where no causative agents had been previously identified at the time of sample selection. Continued public health investigations subsequently identified causative agents in five of these outbreaks from linked samples that were examined and reported by other laboratories after the conclusion of the selection process. Campylobacter species were implicated in three outbreaks. Two of the outbreaks were shown to have cases of norovirus present, but the norovirus-positive samples were not available and therefore would not have been included in the group of 31 anonymous samples.
Fecal samples were resuspended in 2 ml of phosphate-buffered saline (PBS), incubated for 1 h at 4°C, and centrifuged at 6,000 ϫ g for 5 min to remove cellular debris and bacteria; the supernatant was then filtered through a 0.45-m syringe filter (Millipore, Billerica, MA). Nucleic acid was extracted from 400 l of filtered supernatant and eluted in 50 l of molecular-grade water using the iPrep PureLink virus kit (Life Technologies, Carlsbad, CA), producing a metagenome representative for each sample.
High-throughput sequencing. A metagenome of the RNA present in each sample was achieved by removing DNA from the extracted nucleic acid using Ambion DNA-free (Life Technologies) as per the manufacturer's instructions. Following treatment, 8 l of DNA-free RNA was incorporated into first-strand cDNA synthesis primed by random hexamers (Life Technologies). cDNA was then amplified by multiple-displacement amplification in a whole-transcriptome amplification kit (Qiagen, Valencia, CA), producing more than 1 g of DNA. DNA libraries were then prepared using the Illumina TruSeq DNA library preparation kit V2 (Illumina, San Diego, CA), followed by sequencing of 150-bp paired-end reads on an Illumina MiSeq instrument (New Zealand Genomics Limited, Massey Genome Service, Massey University, Palmerston North, New Zealand).
This method not only is capable of detecting RNA viruses but also is capable of detecting DNA viruses due to the presence of viral mRNA or of DNA that has evaded digestion due to the inefficiency of DNase enzymes (18) .
Bioinformatics. The quality of the sequence data from a total of 15 MiSeq runs was checked using FastQC (version 0.10.1; http://www .bioinformatics.babraham.ac.uk/projects/fastqc/). The total read length of 150 bp was trimmed where the average quality score was Ͻ30. Duplicate reads were collapsed using FASTX-Toolkit (version 0.0.13; http: //hannonlab.cshl.edu/fastx_toolkit/index.html). Velvet (version 1.2.07) (19) was used for de novo assembly of the trimmed sequence data with a k-mer of 75. Contigs were compared to the GenBank nonredundant nucleotide sequence database using BLASTN from BLASTϩ (version 2.2.27) (20) and an E value threshold for reporting of 0.001. BLAST outputs were visualized in MEGAN (version 4.7) (21) for taxonomic assignment. A protein-level homology search was also performed by using RAPSearch2 (22) in order to identify highly divergent viruses.
Confirmatory PCR and quantitative PCR (qPCR) assays. Sequences for human parechovirus type 3 (HPeV3) identified in high-throughput sequencing data were confirmed by customized conventional one-step Phylogenetic analysis for human parechovirus type 3 sequence. Sequences were aligned using ClustalW (24) and phylogenetic trees inferred by MEGA5 (25) . The Tamura-Nei model selected was based on the lowest Bayesian informative criterion values from a model test within MEGA5.
Ethical approval. This study was approved by the New Zealand Health & Disabilities Ethics Committee (approval number LRS/11/EXP/026). An amendment to this study was also approved (approval number LRS/11/ EXP/026/AM02).
RESULTS

Identification of candidate pathogens using metagenomics.
A total of 193,505,576 sequence reads were produced for the 31 samples, with an average of 3,121,058 reads per sample. These sequences were assembled into 552,057 contigs; 62% of these could be assigned to a taxonomic group using MEGAN, and bacteria were the most predominant (data not shown). The delineation of bacterial species was not performed, as this requires targeted amplification of a conserved gene region, e.g., 16S rRNA. The de novo metagenomic data set does not target specific genes and was therefore analyzed for the purpose of identifying viruses and/or parasites. Eight viruses and one parasite (D. fragilis) were identified as candidates for gastroenteritis etiology (Table 1) . Additional sta- tistics on the metagenomic data are presented in Table 2 . The RAPSearch2 results did not reveal any novel viral sequences but were concordant with the BLASTN results (data not shown). Known pathogenic human viruses. The common enteric viral pathogens human adenovirus, rotavirus, and sapovirus were detected in the metagenomic data. Human enterovirus B and influenza A virus sequences were also present (Table 1) .
Fecal samples were resubmitted to the reference laboratory for repeat testing by qPCR (26-29) (http://www.who.int/influenza /resources/documents/molecular_diagnosis_influenza_virus _humans_update_201108.pdf). The presence of sapovirus and adenovirus in the original samples was confirmed, human enterovirus B could be detected in only one sample, and influenza A virus could not be detected in any samples. A rapid antigen immunoassay (SD Bioline Rota/Adeno rapid kit; Standard Diagnostics Inc., Yongin-si, South Korea) and qPCR (28) A customized one-step RT-PCR assay revealed HPeV3 in a fecal sample collected from a 2-year-old child as part of a gastroenteritis outbreak investigation at a child care facility; eight individuals were affected over a 17-day period. No other samples were available from linked cases. Phylogenetic analysis confirmed the identity of the virus as HPeV3 (Fig. 1) , designated HPeV3 NZ/ 2012-176.
Specific testing using qPCR for D. fragilis in the reference collection showed that this organism was present in seven samples from six outbreaks (Table 3) .
DISCUSSION
In this study, metagenomic analysis using high-throughput sequencing was applied to reveal viruses present in human feces from unsolved outbreaks of gastroenteritis occurring in New Zealand between 2011 and 2012. No evidence for the presence of any novel viral agents was obtained, but there were numerous instances where known viral pathogens were detected, including well-known enteric viruses. The utility of metagenomics may therefore extend beyond the detection of novel organisms by providing a useful audit tool when applied retrospectively, thus highlighting any potential inadequacies in the routine diagnostic process. Until recently, only two unsolved outbreaks of human gastroenteritis have been investigated using metagenomics and implicated novel viruses in the etiology (13, 14) . A more recent study investigated seven outbreaks of gastroenteritis (and sporadic cases) and found the presence of novel viruses; however, none of these could be implicated in disease (15) . The present study is one of the first to apply de novo metagenomics to a cohort of multiple unsolved outbreaks of gastroenteritis on a larger scale than has been previously attempted, with a total of 26 outbreaks included. It was hypothesized that novel viral agents would account for at least a portion of the etiology, but none were detected even when a protein-level homology search was applied (RapSearch2). Instead, the detection of known pathogens rendered the application of metagenomics akin to the use of a sophisticated multiplex PCR. These data do not support the hypothesis that there is a large unknown quotient of viruses accounting for the majority of unsolved outbreaks. However, completely novel or highly divergent viruses may be so different that they will escape detection regardless of whether nucleotide or protein searches are used. A more tenable explanation could be a "diagnostic gap," a theory also suggested by others (5, 13, 30 ). The present study reveals instances where routine testing failed. For example, common enteric viruses were present in the metagenomic data; the most likely explanation for this is that the pathogens were not tested for in the first instance. The successful reapplication of routine diagnostic methods in the present study excludes the possibility that genomic changes would account for evasion of testing. There are two main reasons why a pathogen may not have been initially tested for: (i) there is an economic imperative to test only a selected number of cases from an outbreak, or (ii) the actual request for testing does not always include every agent; e.g., norovirus may be requested without consideration for rotavirus. However, definitive conclusions cannot be drawn as to how known viruses were missed, because anonymous samples in this study (as required by ethics) prevent access to previous test results or epidemiological information.
The most interesting clinical finding for this study is the detection of HPeV3 in New Zealand. HPeV3 was discovered in 2004 (31) and is now thought to be prevalent worldwide. It has yet to be reported in the Southern Hemisphere, with the exception of Bolivia (32) . HPeV3 is mainly reported as a pediatric pathogen, particularly for children under 1 year of age. It is capable of causing more severe disease, such as neonatal sepsis, encephalitis, sudden unexpected death in infancy (SUDI), and paralysis (33) (34) (35) , likely due in part to central nervous system involvement. Cases of HPeV3 infection may present with gastrointestinal and respiratory symptoms, but this virus has also been detected in healthy individuals (36, 37) . The relevance of HPeV3 to the specific gastroenteritis outbreak in this study cannot be determined, especially given that no samples from linked cases were available. However, it is noted that no testing for HPeV3 is currently performed in New Zealand, and given that HPeV3 can cause severe disease, it is recommended that clinicians now consider testing for HPeV3.
Although the focus of this study was primarily on revealing viruses present in unsolved outbreaks of gastroenteritis, it was also possible to examine higher organisms within the metagenomic data, where genes that are specific for such organisms, e.g., parasites, allow for unequivocal identification. A strong etiological candidate was identified, the parasite D. fragilis. While the role of this parasite in gastroenteritis still remains unclear, it has been suggested that in the absence of another pathogen, D. fragilis may be considered a cause (7) . In the present study, D. fragilis was detected in 7/64 (10.9%) outbreak samples, but interestingly, it showed a higher frequency in 4/9 (44%) outbreaks occurring in pediatric settings. Only one previous study has reported an estimate of D. fragilis prevalence in New Zealand, at ϳ2% in one city in 1987 (38) . Current routine testing in community pathology laboratories uses light microscopy, which has been shown to provide a sensitivity inferior to that of qPCR (7), and therefore may underestimate the prevalence of D. fragilis. Further testing for D. fragilis in a larger number of outbreak samples than of healthy control samples is therefore warranted to clarify any involvement of this pathogen in outbreaks of gastroenteritis.
Viruses with more circumspect involvement in gastroenteritis were also detected in the metagenomic data, e.g., pepper mild mottle virus, picobirnaviruses, human enterovirus B, and influenza A virus (Table 1) . Pepper mild mottle virus is often found at high titers in human fecal samples due to its dietary origin (39) , while picobirnavirus has been detected in 20% of human diarrheal samples of unknown etiology (40) . Human enterovirus B and influenza A virus are respiratory pathogens, and while there is some evidence of gastrointestinal involvement (41, 42) , it is unclear if they are involved in these outbreaks.
The aim of this study was to search for viruses, and thus, virus enrichment steps were incorporated into the methodology, such as the use of centrifugation and nuclease treatment. These methods decrease the amount of host and bacterial material, thus increasing the sensitivity of detection for viruses (18, 43) . As previously reported, it was still possible to detect bacterial DNA, DNA viruses (e.g., adenovirus), and parasites (i.e., D. fragilis) in the metagenome. This is not unexpected; DNase treatment is not 100% efficient, allowing the detection of DNA viruses and bacteria when using RNA-targeted methods (18, 43) . It has also been sug- gested that the identification of a DNA virus in data from an RNAtargeted approach may reflect the expression of viral mRNA transcribed from DNA genomes during infection (18) . There are still major issues to be resolved before metagenomics can be transitioned from the research setting into a clinical diagnostic laboratory. First, metagenomic studies, like many other diagnostic assays, are only able to detect the presence or absence of a pathogen; they do not provide any information on functional interactions or prove causality in the disease or outbreak. In the current study, while candidate viral pathogens were identified, causality could not be proven for their involvement in the outbreak, especially given that only one or two samples were available from each outbreak. Second, viruses with unique genomes that have no known relatives in the GenBank database could have been missed due to the absence of any homology to known sequences. As more viral genomes become available and bioinformatic tools are further developed, metagenomics will become more effective in the discovery of novel viruses. Third, it will be necessary for both clinicians and patients to consider issues that may attend unexpected findings and incidental detection of pathogens with significant health consequences. Randomized anonymous samples and ethical review as a specific research project avoided such an issue in this study. However, the use of anonymous samples also limits interpretations, as no clinical or epidemiological information relating to the outbreaks could be obtained. Lastly, even though sequencing hardware is well developed, the bioinformatic software is presently suited only to an expert user and is often ad hoc or not specifically designed for unbiased metagenomic data. These ethical and analytical aspects will need significant consideration, along with financial costs, before metagenomic detection of viruses becomes commonplace in clinical diagnostic laboratories.
This metagenomic study revealed a list of viruses and a parasite occurring in unsolved gastrointestinal outbreaks in New Zealand, providing a starting point for further investigations into outbreak etiology and an audit process for routine diagnostic algorithms. This study also provides the first report of HPeV3 in Australasia, and given the more serious illness associated with this pathogen, it is recommended that clinicians and health authorities consider routine testing for this pathogen in instances of severe disease such as encephalitis, neonatal sepsis, and paralysis, as already occurs in the United States, Japan, and Europe.
